Introduction
============

Mammalian target of rapamycin (mTOR), one of serine/threonine kinases, controls cell proliferation, survival, autophagy, and metabolism by integrating multiple signaling transduction pathways from growth factors and nutrients[@B1]. mTOR exerts its biological functions by forming two distinct complexes; mTORC1 and mTORC2. mTORC2 is composed of mTOR, Rictor, Sin1, and mLST8 and controls cell survival by phosphorylating AKT on Ser-473, which is required for the full activation of AKT. mTORC1 is made up of mTOR, raptor, mLST8, PRAS40, and deptor[@B2]. Following activation by PI3K/AKT pathway, mTORC1 phosphorylates two major downstream messengers, 70 kDa ribosomal protein S6 kinase 1 (p70S6K1) and eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4EBP1). Hypo-phosphorylated 4EBP1 prevents the formation of the eIF4F translation initiation complex by competing with eIF4G to bind eIF4E, preventing 5\' cap-dependent mRNA translation. Phosphorylation of 4EBP1 by mTORC1 promotes its dissociation from eIF4E, leading to the initiation of 5\' cap-dependent mRNA translation[@B3]. Accumulating evidence has demonstrated that deregulation of cap-dependent translation promotes cancer initiation and progression by enhancing the expression of a subset of oncogenic proteins such as cyclin D1, survivin, and MMP9 that control cell proliferation, survival, and metastasis, respectively[@B4].

Breast cancer is the most common malignant cancer type in women and the second lethal form of cancer[@B5]. Despite the benefits of endocrine therapy, many patients develop resistance to endocrine manipulation during treatment[@B6]. The phosphatidyl-inositol-3-kinase*(PI3K)* activation mutations and phosphatase and tensin homolog (PTEN) loss lead to dysregulation of the mTORC1 pathway in breast cancer. Abnormal activation of mTOR pathway has been implicated in the initiation and progression of breast cancer and the development of endocrine therapy resistance[@B7]. Therefore, targeting mTORC1 is a promising therapeutic strategy for breast cancer patients, in particular those who develop endocrine therapy resistance.

Rapamycin and its analogs, such as Everolimus (RAD001) and temsirolimus, allosterically inhibit mTORC1 activity through binding to intracellular FK506 binding protein 12 (FKBP12) receptors[@B8]. Everolimus exerted promising antitumor activities in several preclinical studies, leading to its approval by the US Food and Drug Administration (FDA) for the treatment of many cancers, such as progressive neuroendocrine tumor of pancreatic origin (pNET), advanced renal cell carcinoma (RCC), and subependymal giant-cell astrocytoma[@B9]-[@B11]. In a clinical trial of breast cancer, everolimus was reported to increase the efficacy of hormonal therapy and markedly improved progression free survival (PFS) in patients with HR-positive metastatic breast cancer, suggesting its potential capability in overcoming endocrine resistance[@B12]-[@B14]. However, the development of rapamycin resistance limits it use in therapies. It is widely believed that this inadequate therapeutic response mainly results from a concomitant activation of AKT through loss of the mTORC1/S6K-dependent negative feedback loop and weak inhibition of 4EBP1 phosphorylation[@B15]. Although the mechanisms involved in feedback activation of AKT signaling have been well elucidated, the molecular basis underlying the incomplete inhibition of 4EBP1 phosphorylation by rapamycin remains largely undefined. Mi *et al*. recently reported that AKT feedback activation contributes to weak inhibition of 4EBP1 phosphorylation by rapamycin and combined inhibition of mTORC1 and AKT significantly suppressed tumor progression by inhibiting 4EBP1 phosphorylation and cap-dependent translation, thus establishing the correlation of AKT feedback activation and weak inhibition of 4EBP1 phosphorylation during rapamycin treatment[@B16]. However, whether there are other kinases that contribute to the weak inhibition of 4EBP1 phosphorylation by rapamycin remains unknown.

Serum- and glucocorticoid-inducible kinase 3 (SGK3) belongs to AGC protein kinase family along with two other isoforms, SGK1 and SGK2. Due to containing the same consensus substrate motif, RXRXXS/T, SGK and AKT share many common substrates[@B17], [@B18]. As with AKT, the full activation of SGK3 requires the phosphorylation of the activation loop residue and the hydrophobic motif, which are phosphorylated by PDK1 and mTORC2, respectively. In contrast to AKT, SGK3 has a unique mechanism of upstream activation. Phosphatidylinositol 3-phosphate (PI(3)P) produced by VPS34 binds to the amino-terminal phox homology (PX) domain of SGK3 and localizes this kinase to endosomal membranes, where PDK1 and mTORC2 activate SGK3 through sequentially phosphorylate the corresponding Thr320 and Ser486 sites[@B19]. SGK3 is amplified in breast cancer and its expression is regulated by estrogen/ER signaling[@B20]-[@B22]. SGK3 has been reported to play a key role in mediating AKT-independent oncogenic signaling in breast cancer harboring *PIK3CA* mutations[@B20], [@B23]. Recent studies also revealed the role of SGK3 in conferring anti-tumor drug resistance, including AKT inhibition and endocrine therapy[@B24], [@B25]. However, whether SGK3 is involved in rapamycin resistance is still unclear.

In the present study, we demonstrate the critical role of SGK3 in mediating rapamycin resistance in breast cancer cells. We found that the feedback activation of both SGK3 and AKT synergistically resulted in the limited inhibition of rapamycin on 4EBP1 phosphorylation and cap-dependent translation. Blockage of the feedback activation of SGK3 and AKT markedly increased the ability of rapamycin to inhibit cancer growth *in vitro* and *in vivo*. Mechanistic studies demonstrated that hVps34- and mTORC2-mediated SGK3 activation led to the transient suppression of 4EBP1 phosphorylation by re-activating mTORC1 via TSC2. Our data uncovers a new mechanism of rapamycin resistance, which might facilitate the development of novel strategies by targeting both SGK3 and AKT for overcoming rapamycin resistance in human breast cancer therapy.

Materials and Methods
=====================

Cell lines and cell culture
---------------------------

Human breast cancer MCF-7, T47D cells were obtained from the ATCC. All cell lines were authenticated by short tandem repeat (STR) analysis and confirmed to be free of mycoplasma within the past year. The cell lines MCF7, T47D were maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Gibco) and 10 mM HEPES in a humidified incubator at 37°C with 5% CO2. All cell lines were passaged less than 2 months.

Reagents
--------

LY294002 was obtained from Cell Signaling Technology (Danvers, MA). RAD001, MK-2206 and VPS34-IN1 were obtained from Selleck (Shanghai, China).

Antibodies
----------

The following antibodies were used in this study: 4EBP1 (catalog \#9644, 1:4000 dilution), Phospho-4EBP1-Thr37/46 (\#2855,1:1000), Phospho-4EBP1 -Ser65 (\#9451,1:1000), p70S6 Kinase (\#2708,1:1000), Phospho-p70S6 Kinase-Thr389 (\#9234,1:1000), Phospho-S6-Ser240/244(\#5364,1:2000), AKT(\#4691,1:2000), Phospho-AKT-Ser473 (\#4060,1:1000), EIF4E (\#9742,1: 2000), EIF4G (\#2498,1:1000), NDRG1(\#5196,1:2000), Phospho-NDRG1-Thr 346(\#5482,1:2000), Phospho-Tuberin/TSC2-Ser939 (\#3615,1:1000), SGK3 (\#85731:1000), Phospho-SGK3-Thr320 (\#5642,1:500), Survivin (\#2808, 1:1000) and Rictor (\#2114,1:1000), and were purchased from Cell Signaling Technology (Danvers, MA). In addition, γ-Tubulin (sc-7396,1:500) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Tuberin (ab32554,1:1000) and INPP4B (ab81269, 1:1000) were purchased from Abcam (Cambridge, UK).

Western blot assay
------------------

Cell lysates were harvested and 20-100 ug of protein were resolved by 12% SDS-PAGE gel after measuring protein concentration using the BCA protein reagent (Pierce Chemical, Rockford, IL, USA) and then transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat milk for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C, followed by incubation with HRP-conjugated anti-rabbit/ mouse/ goat IgG for 1 h at room temperature. Detection was performed using enhanced chemiluminescence (ECL) detection reagent (Thermo).

m7GTP pull down assay
---------------------

The cells were treated with inhibitors for 24 h. Lysates were harvested and 1 ml aliquots were subjected to 30 min, 4°C high-speed centrifugation. Next, 15 μL m7GTP Sepharose beads (\#GE4710566 GE USA) were added at 4°C and allowed to conjugate to the lysates for 2 h. The samples were centrifuged and the m7GTP Sepharose beads were collected and washed thrice for 10 min each. After centrifugation at 3000 rpm, 20 μL 1x SDS protein sample buffer solution was added to the samples, boiled for 10 min, and resolved by SDS-PAGE gel. Western blot analysis was performed to detect the expression of EIF4E, 4EBP1, and EIF4G. The dynamic changes of EIF4F protein complex activity were analyzed by the changes of 4EBP1 and EIF4G protein levels.

Cap-dependent Renilla/Polio IRES-dependent firefly luciferase assay
-------------------------------------------------------------------

Cells were seeded in 10 cm culture dishes and cultured in DMEM containing 10% FBS. Once attached, MCF7 and ZR-75-1 breast cancer cells were transfected with pcDNA3.1-rLuc-PolioIRES-fLuc, which directs cap-dependent translation of the Renilla luciferase gene and cap-independent Polio IRES-mediated translation of the firefly luciferase gene. After 24 h, the transferred cells were inoculated into 24-well plates, the cells were treated with different inhibitors. The Renilla ratio of control cells to treated cells was detected by double fluorescence reporting kit (Promega) after treatment to detect the dynamic change of the functional activity of eIF4F protein complex after treatment.

CCK-8 assay
-----------

Cells were seeded in 96-well plates at a density of 1500 cells per well and cultured in DMEM containing 10% FBS. Once attached, the cells were treated with the indicated agents and cultured for the indicated times. After the indicated treatments, cell proliferation was determined with the Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Tokyo, Japan) assay according to the manufacturer\'s instructions. The absorbance of individual wells was determined at 450 nm. The OD value of the treatment group was normalized to the values from the untreated control group. All reactions were repeated at least 3 times.

siRNA transfections
-------------------

siRNA for Rictor (HSS153834), Raptor (HSS126373), 4EBP1(HSS141934) and TSC2(HSS111011) were purchased from Invitrogen. MCF7 and T47D breast cancer cells were transfected with 0.2 nM siRNA or negative control using Lipofectamine RNAimax Reagent (\#13788 Invitrogen) according to the manufacturer\'s instructions.

Immunoprecipitation and Western blot analysis
---------------------------------------------

The cell lysates (250 µg protein) were immunoprecipitated with 1 µg of SGK3 antibody overnight followed by incubation with a 50% slurry of protein G Sepharose beads for 3 h at 4°C. The beads were washed three times with the lysis buffer and the immunoprecipitated protein complexes were resuspended in 5× SDS lording buffer followed by Western blot analysis using equivalent total protein loadings as described above.

Clinical samples and immunohistochemistry
-----------------------------------------

All patients\' samples were collected after informed consent in accordance with the Declaration of Helsinki, and the research protocol was reviewed and approved by the Ethics Committee of Beijing Institute of Biotechnology. A total of 67 primary breast carcinomas tissue microarray (CGt No. XT14-023, Lot No. HBre-Duc070CS-01) samples with the informed consent of patients were purchased from Shanghai Outdo Biotech Company. All cases were females of age 30-89 years (mean age: 55.7 years) with breast cancer. The samples were deparaffinized, rehydrated, and pretreated with 3% hydrogen peroxide for 20 min to quench endogenous peroxidase activity. The antibody-binding epitopes of the antigens were retrieved by microwave treatment, and the samples were then preincubated with 10% normal serum to block nonspecific binding. Rabbit anti- Phospho-4EBP1-Thr37/46 (\#2855, Cell Signaling Technology), rabbit anti- Phospho-NDRG1-Thr 346(\#5482, Cell Signaling Technology) were used at dilutions of 1:100, respectively, as the primary antibodies for IHC in breast cancer. The specimens were incubated with primary antibodies for 1 h at room temperature, followed by incubation with biotinylated anti-rabbit secondary antibody and streptavidin-horseradish peroxidase. 3, 3\'-Diaminobenzidine was used as a chromogen and hematoxylin was used for counterstaining. The Phospho-4EBP1-Thr37/46 and Phospho- NDRG1-Thr 346 score was generated by multiplying the percentage of stained cells (0-100%) by the intensity of the staining (negative, 0; low, 1-4; medium, 5-8; strong, 9-12). The correlation of Phospho-4EBP1- Thr37/46 with Phospho-NDRG1-Thr 346 was determined using the Spearman\'s rank correlation test.

Mass spectrometry-based phosphoproteomics analysis
--------------------------------------------------

MCF7 cells were treated with DMSO or 2 nM RAD001 for 24 h. Mass spectrometry-based phosphoproteomics analysis was performed by Novogene Biotech Company.

Generation of knockout cell lines via CRISPR/Cas9 technology
------------------------------------------------------------

The sgRNA oligonucleotide pairs against SGK3 (SGK3 5′-AGATCACACCATGGACTACA-3′, 5′-AGCTGGGAATGCTTACACTT-3′ and 5′ -CTCTCTGTGTTCATCGGAGC-3′) was phosphorylated, annealed, and cloned into LentiCRISPRv2-puro. Lentiviruses were produced in HEK293T cells by transfection to 80% confluency in 100 mm culture dish with 6 ug DNA (3 ug SGK3-KO, 2.25 ug psPAX2, and 0.75 ug pMD2.G). DNA was mixed with 40 μL of lipofectamine 3000 in 300 μL Opti-MEM media (Invitrogen, US). Media containing viruses was collected and filtered 48 h after transfection. MCF7 and T47D cells were cultured in virus-containing media with polybrene (6 μg/mL) for 24 h. Cells were allowed to recover in fresh media for 48 h before the media was replaced with the selection media containing puromycin (1 ug/mL). The cells were kept in selection media for 3 days before use in experiments, unless stated otherwise. SGK3 knockouts in MCF7 and T47D cells were single-cell sorted into wells of a 96-well plate using a BD FACS Aria cell sorter (BD Biosciences, US) to establish clonal knockout cell lines. Cells were grown for 2 weeks, and the resultant colonies were cultured.

Animal Studies
--------------

Animal studies were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee at Beijing Institute of Biotechnology. Six-week-old female BALB/c nude mice were obtained from Vital River Laboratory (Beijing, China). Implanted with estrogen pellets (E2, 0.36 mg/pellet, 60-day release) (Innovative Research of America, Sarasota, FL, USA). Two days after implantation, 5×10^7^ MCF7 and MCF7-SGK3-KO cells in serum-free medium were injected into the abdominal mammary fat pad of nude mice. When tumors reached an approximate size of 100 mm^3^, the mice were randomly allocated to 6 groups (n=6/group) according to body weights and tumor volumes for the following treatments: vehicle control, RAD001(3mg/kg/2d, intraperitoneal injection) and the combination of RAD001+MK2206(100 mg/kg/2 d, i.p. injection). For combination treatment, both drugs were given concurrently. Control mice received vehicle alone for both drugs. The average tumor diameter (two perpendicular axes of the tumor were measured) was measured in control and treatment groups using a caliper. The data are expressed as the increase or decrease in tumor volume in mm^3^ (mm^3^ = π/6 × \[larger diameter\] × \[smaller diameter\]^2^). Unpaired, two-tailed Student\'s *t* test was used to assess statistical significance. The tumor volumes of mice were monitored every 7 d. Four weeks after initiation of the treatment, all mice were euthanized. Xenograft primary tumors were harvested and proteins were extracted for Western blot analysis.

Statistical analysis
--------------------

Statistical analyses for each experiment were performed as described in the corresponding figure legends. Analyses were carried out using GraphPad Prism 6 for method validation. All data are presented as mean±SEM, if not stated otherwise. Statistical significance was determined using paired Student t test; \* *P* \< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001, \*\*\*\* *P* \< 0.0001. Data presented is representative of two or more independent experiments, unless indicated otherwise.

Results
=======

The transient inhibition of RAD001 on 4EBP1 phosphorylation and cap-dependent translation contributes to its weak inhibitory effect on breast cancer cell growth
----------------------------------------------------------------------------------------------------------------------------------------------------------------

To explore the potential mechanism underlying rapamycin resistance in breast cancer, we first measured the effect of RAD001 treatment on the phosphorylation of p70S6K and 4EBP1, two downstream effectors of mTORC1. In both MCF7 and T47D cells, the abrogation of 4EBP1 phosphorylation (p-4EBP1-37/46 and p-4EBP1-65) by RAD001 was observed at 1 h and troughed after 6 h of treatment, while this inhibitory effect began to weaken at 8 h and was completely lost at 24 h (Fig [1](#F1){ref-type="fig"}A). However, the suppression of p70S6K phosphorylation and activity by RAD001 was evident at 1 h and persisted throughout the drug treatment process, as assessed by the phosphorylation of p70S6K (p-p70S6K-389) and its substrate S6 (pS6-240/244). To investigate the functional consequences of 4EBP1 re-phosphorylation after RAD001 treatment, we determined the dynamic changes of eIF4F translational initiation complex during the drug treatment process. Consistent with the changes of 4EBP1 phosphorylation, the formation of eIF4F translational initiation complex, as determined by the interaction of EFI4E and EIG4G, decreased gradually during 6 h of RAD001 treatment, but started to increase at 8 h and returned to pre-treatment levels at 24 h (Fig [1](#F1){ref-type="fig"}B). Furthermore, we measured the effect of RAD001 treatment on cap-dependent translation using a dual luciferase reporter system. As shown in Fig [1](#F1){ref-type="fig"}C, the inhibitory effect of RAD001 on cap-dependent translation peaked at 6 h and then gradually disappeared. These data in combination with the results that RAD001 treatment had minimal effect on the cell proliferation led us to speculate that the weak inhibitory effect of RAD001 on breast cancer cell growth might be attributed to its slight suppression on cap-dependent translation. To test this hypothesis, we added the 4EGI-1, an inhibitor of eIF4E/eIF4G interaction, to inhibit cap-dependent translation during RAD001 treatment. As expected, 4EGI-1 significantly enhanced the inhibitory effects of RAD001 on cell proliferation in both MCF7 and T47D cells (Fig [1](#F1){ref-type="fig"} D). Together, these data suggested that the transient inhibition of RAD001 on 4EBP1 phosphorylation and cap-dependent translation contributed to its weak inhibitory effect on breast cancer cell growth.

The re-phosphorylation of 4EBP1 induced by RAD001 is dependent on PI3K, but only partially dependent on AKT
-----------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that the feedback activation of PI3K/AKT contributes to the resistance to rapamycin in breast cancer cells[@B21], [@B26]-[@B28]. Based on these previous observations and our data above, we hypothesized that rapamycin-induced PI3K/AKT activation may result in its transient inhibition on 4EBP1 phosphorylation and cap-dependent translation. To test this speculation, we first examined the effects of RAD001 and the PI3K inhibitor LY294002 or the AKT inhibitor MK2206, alone and in combination, on the phosphorylation of 4EBP1. In accordance with previous reports, RAD001 treatment profoundly activated AKT in both MCF7 and T47D cells, as indicated by phosphorylation on the Ser473 of AKT (Fig [2](#F2){ref-type="fig"}A). When combined with LY294002, RAD001 almost completely blocked the phosphorylation of 4EBP1 in both MCF7 and T47D cells. Although MK2206 treatment enhanced the inhibitory effect of RAD001 on the phosphorylation of 4EBP1, the degree of enhancement by MK2206 was much lower than that by LY294002 in both MCF7 and T47D cells. This effect was not due to more effective suppression of LY294002 on AKT activity, since LY294002 only partially inhibited the feedback activation of AKT while MK2206 almost blocked the phosphorylation of AKT in both MCF7 and T47D cells (Fig [2](#F2){ref-type="fig"}A). Consistent with the results of 4EBP1 phosphorylation, LY294002 exhibited the more potent inhibitory role than MK2206 in enhancing the inhibitory effect of RAD001 on the eIF4F translational initiation complex formation and cap-dependent translation in both MCF7 and T47D cells (Fig [2](#F2){ref-type="fig"}B and [2](#F2){ref-type="fig"}C). In addition, LY294002 more effectively increased the inhibitory effect of RAD001 on cancer cell proliferation than MK2206 (Fig [2](#F2){ref-type="fig"}D). Furthermore, LY294002 showed the more potent role than MK2206 in enhancing the effect of RAD001 on cell apoptosis in MCF7 cells (Fig. [S2](#SM0){ref-type="supplementary-material"}A and S2B), as assessed by apoptosis detection and Survivin expression. Collectively, these data demonstrated that the re-phosphorylation of 4EBP1 induced by RAD001 was dependent on PI3K, but only partially dependent on AKT, suggesting the possibility of other kinases that act downstream of PI3K that may be involved in the re-phosphorylation of 4EBP1 induced by RAD001.

SGK3 as a potent kinase involved in the re-phosphorylation of 4EBP1 induced by RAD001
-------------------------------------------------------------------------------------

To identify the potential kinase that mediated the re-phosphorylation of 4EBP1 induced by RAD001, we collected MCF7 cells that were subjected to RAD001 treatment for 24 h and performed mass spectrometry-based phosphoproteomic analysis. Kinase-Substrate Enrichment Analysis (KSEA) revealed the feedback activation of AKT caused by RAD001, validating our screening strategy. In the kinases that were feedback-activated by RAD001, SGK3 attracted our attention because SGK3 has been reported to mediate the survival of certain oncogenic PIK3CA mutant breast cancer cells in which AKT is dispensable[@B20], [@B23] (Fig [3](#F3){ref-type="fig"}A). It was recently reported that SGK3 counteracts the inhibition of PI3K/AKT signaling and promotes tumor growth by re-activating the mTORC1 pathway[@B24], suggesting the possibility that SGK3 acts upstream of mTORC1 pathway similar to AKT. Thus, we speculated that SGK3 might be involved in the re-phosphorylation of 4EBP1 induced by RAD001. To test this hypothesis, we first confirmed the feedback activation of SGK3 induced by RAD001, as indicated by the increased phosphorylation of SGK3 and its substrate NDRG1 after RAD001 treatment (Fig [3](#F3){ref-type="fig"}B). To address the potential role of SGK3 in activating mTORC1 pathway in breast cancer cells, we created a targeted deletion for the *SGK3* gene in MCF7 and T47D cells using the CRISPR/ Cas9 technology. In SGK3-deleted cells, the expression of SGK3 protein was completely lost and phosphorylation of NDRG1 was almost absent, confirming the functional deletion of SGK3 (Fig [3](#F3){ref-type="fig"}C). Furthermore, SGK3 deletion suppressed the phosphorylation of 4EBP1 and S6, suggesting the inhibition of the mTORC1 pathway (Fig [3](#F3){ref-type="fig"}C). To assess the clinical relevance of SGK3 activity in the mTORC1 pathway, we analyzed the expression of phosphorylated NDRG1 and 4EBP1 by immunohistochemical staining (IHC) in 67 human breast cancer samples. Consistent with SGK3 promotion of mTORC1 pathway in cultured cells, the expression of phosphorylated NDRG1 was positively associated with phosphorylated 4EBP1 (*P* = 1.057 × 10^-4^,*R* = 0.456) (Fig [3](#F3){ref-type="fig"}D). These data suggested that SGK3 acts as a potent kinase involved in the re-phosphorylation of 4EBP1 induced by RAD001.

Feedback activation of SGK3 and AKT contributes to rapamycin resistance by re-phosphorylating 4EBP1
---------------------------------------------------------------------------------------------------

To explore whether SGK3 was involved in the re-phosphorylation of 4EBP1 induced by RAD001, we measured the phosphorylated 4EBP1 in wild type and SGK3-deleted MCF7 cells with or without RAD001 treatment. As shown in Fig. [4](#F4){ref-type="fig"}A, SGK3 deletion enhanced the inhibitory effect of RAD001 on 4EBP1 phosphorylation, but the degree of enhancement was much lower than that by LY294002, suggesting that SGK3 alone only partially contributed to the re-phosphorylation of 4EBP1 induced by RAD001. However, when combined with MK2206, SGK3 deletion almost blocked the re-phosphorylation of 4EBP1 induced by RAD001, and the degree of inhibition was comparable with that of LY294002 (Fig. [4](#F4){ref-type="fig"}A). Moreover, the combination of SGK3 deletion and AKT inhibition showed greater effect than SGK3 deletion or AKT inhibition alone in preventing the formation of the eIF4F translational initiation complex and cap-dependent translation in RAD001-treated MCF7 cells (Fig. [4](#F4){ref-type="fig"}B and [4](#F4){ref-type="fig"}C, respectively). Functionally, the combination of SGK3 deletion and AKT inhibition dramatically enhanced the sensitivity of tumor cells to RAD001 when compared with SGK3 deletion and AKT inhibition alone, reflected by CCK8 assay*in vitro* and tumor xenografts *in vivo* (Fig. [4](#F4){ref-type="fig"}D and [4](#F4){ref-type="fig"}E, respectively). To further determine whether the re-phosphorylation of 4EBP1 caused by SGK3 and AKT feedback activation resulted in the moderate inhibition of RAD001 on cell growth, 4EBP1 gene expression was knocked down using a specific siRNA target sequence in MCF7 cells with and without SGK3 deletion. As shown in Fig. [4](#F4){ref-type="fig"}F, silencing 4EBP1 expression markedly reversed the inhibitory effects of combination of SGK3 deletion and AKT inhibition on the proliferation of both MCF7 and T47D cells treated with RAD001. Collectively, these data suggested that the feedback activation of SGK3 and AKT induced by RAD001 re-phosphorylated 4EBP1, which counteracted the inhibitory effect of RAD001 on cap-dependent translation and cell growth in breast cancer cells.

RAD001-mediated SGK3 phosphorylation is hVps34- and mTORC2-dependent
--------------------------------------------------------------------

The above data have showed that the feedback activation of SGK3 and AKT induced by RAD001 resulted in the re-phosphorylation of 4EBP1 and counteracted the inhibitory effect of RAD001 on cell growth in breast cancer cells. In contrast to the well characterized mechanism by which RAD001 induced the feedback activation of AKT, the molecular basis underlying RAD001-mediated SGK3 phosphorylation remains unclear. Recently, hVps34 has been reported to regulate SGK3 activity through generating PtdIns(3)P, which recruits SGK3 to endosomal membrane and promotes its phosphorylation and activation by PDK1[@B24], [@B29]. Thus, we first explored the role of hVps34 in mediating RAD001-mediated SGK3 phosphorylation by utilizing VPS34-IN1, a selective hVps34 inhibitor. As shown in Fig. [5](#F5){ref-type="fig"}A, elevated SGK3 phosphorylation as well as its kinase activity induced by RAD001 was profoundly suppressed by VPS34-IN1 treatment. Moreover, the combination of VPS34-IN1 and MK2206 exhibited greater effect than VPS34-IN1 or MK2206 alone in enhancing the inhibitory role of RAD001 on 4EBP1 phosphorylation, cap-dependent translation, and cell proliferation, functionally validating that hVps34 was required for RAD001-mediated SGK3 phosphorylation (Fig. [5](#F5){ref-type="fig"}B and C).

Like AKT, hydrophobic motif phosphorylation of SGK3 is also controlled by mTORC2[@B30]. We next investigated the role of mTORC2 in RAD001-mediated SGK3 phosphorylation. To specifically suppress the activity of mTORC2, we silenced the expression of Rictor, the unique component of mTORC2 complex compared with mTORC1 complex. As shown in Fig. [5](#F5){ref-type="fig"}D, the disruption of mTORC2 complex prevented SGK3 feedback activation induced by RAD001, indicating that RAD001-mediated SGK3 phosphorylation was dependent on mTORC2 activity. Given that mTORC2 activity is also required for RAD001-induced AKT feedback activation, we hypothesized that inhibiting mTORC2 activity alone could replace both SGK3 and AKT inhibition and prevent the re-phosphorylation of 4EBP1 induced by RAD001. As expected, Rictor silencing in combination with RAD001 treatment almost completely blocked phosphorylation of 4EBP1 in MCF7 cells (Fig. [5](#F5){ref-type="fig"}E). Accordingly, the disruption of mTORC2 complex significantly enhanced the inhibitory role of RAD001 on cap-dependent translation and cell proliferation in MCF7 cells (Fig. [5](#F5){ref-type="fig"}F). Collectively, these results suggested that RAD001-mediated SGK3 phosphorylation was dependent on hVps34 and mTORC2.

Feedback-activated SGK3 and AKT counteracts RAD001 treatment by phosphorylating TSC2 and reactivating mTORC1
------------------------------------------------------------------------------------------------------------

To explore whether the re-phosphorylation of 4EBP1 induced by RAD001 was still dependent on mTORC1 activity, we specifically inhibited the activity of mTORC1 by knocking down the expression of Raptor, the unique component of mTORC1 complex compared with mTORC2 complex. Although RAD001 or Raptor silencing alone only had a marginal effect on phosphorylated 4EBP1, the combination of RAD001 and Raptor silencing profoundly suppressed the phosphorylation of 4EBP1 (Fig. [6](#F6){ref-type="fig"}A). As a result, cap-dependent translation was significantly repressed by combination of RAD001 and Raptor silencing compared with either treatment alone in MCF7 cells (Fig. [6](#F6){ref-type="fig"}B). These data demonstrated that mTORC1 re-activation was required for the re-phosphorylation of 4EBP1 induced by RAD001.

We next investigated the mechanism by which mTORC1 was reactivated. The tubular sclerosis complex (TSC) is a key regulator of mTORC1 activity by integrating many upstream signals. Phosphorylated TSC2 releases its inhibitory role on Rheb GTPase, leading to mTORC1 activation[@B31], [@B32]. Thus, we hypothesized that mTORC1 might be re-activated by the highly phosphorylated TSC2 caused by SGK3 and AKT feedback activation after RAD001 treatment. To test this hypothesis, we measured the effect of RAD001 treatment on phosphorylated TSC2. As expected, RAD001 enhanced the phosphorylation of TSC2 (Fig. [6](#F6){ref-type="fig"}C). Moreover, this enhancement was prevented by the combination of SGK3 deletion and MK2006 treatment, suggesting that the feedback activation of SGK3 and AKT promoted TSC2 phosphorylation induced by RAD001. We next tested whether TSC2 the high phosphorylation induced by RAD001 led to mTORC1 re-activation. As shown in Fig. [6](#F6){ref-type="fig"}D, TSC2 silencing significantly reversed the inhibitory effect of combined SGK3 deletion and MK2006 treatment on re-phosphorylation of 4EBP1 induced by RAD001. As a result, the inhibitory effect of combined SGK3 deletion and MK2006 treatment on cap-dependent translation and cell proliferation were profoundly repressed by TSC2 silencing, confirming that TSC2 high phosphorylation induced by feedback-activated SGK3 and AKT mediates mTORC1 re-activation (Fig. [6](#F6){ref-type="fig"}E and [6](#F6){ref-type="fig"}F). These data suggested that feedback-activated SGK3 and AKT counteracted RAD001 treatment by phosphorylating TSC2 and reactivating mTORC1 (Fig. [7](#F7){ref-type="fig"}).

Discussion
==========

Although RAD001 has shown promising therapeutic effect in breast cancer treatment, the development of drug resistance limits it use in clinical therapies. In this study, we explored the molecular mechanism underlying RAD001 resistance in breast cancer. Our findings reveal that the transient inhibition of 4EBP1 phosphorylation and cap-dependent translation contributes to the modest anti-tumor activity of RAD001. Furthermore, we found that the feedback activation of SGK3 and AKT induced by RAD001 reactivates mTORC1 through phosphorylating TSC2, leading to the re-phosphorylation of 4EBP1 and limited repression of RAD001 on cap-dependent translation and tumor growth (Fig. [7](#F7){ref-type="fig"}). Our study provides new insight into the molecular basis mediating rapamycin resistance and may facilitate the development of novel therapeutic strategy against breast cancer.

As a major substrate of mTORC1, 4EBP1 plays an essential role in the regulation of cancer cell proliferation and survival by controlling translation initiation of oncogenic mRNAs. The weak inhibition of 4EBP1 phosphorylation has been reported to be involved in rapamycin resistance in certain cancer cells[@B33]. Choo *et al*. first reported that rapamycin differentially inhibits S6Ks and 4EBP1; specifically, rapamycin persistently represses p70S6K activity but only transiently attenuates 4EBP1 phosphorylation [@B34]. In acute myeloid leukemia (AML), PIM2-mediated 4EBP1 phosphorylation contributes to the limited repression of rapamycin on cell survival[@B35]. In renal cell carcinoma (RCC), overexpressed GSK-3β leads to weak inhibition of 4EBP1 phosphorylation by rapamycin and combination of GSK-3β inhibitor and rapamycin remarkably suppressed 4EBP1 phosphorylation and cell proliferation[@B36]. In breast cancer, the feedback activation of AKT is responsible for the limited inhibition of rapamycin on 4EBP1 phosphorylation and AKT inhibition dramatically enhances the inhibitory effect of rapamycin on 4EBP1 phosphorylation and cancer cell proliferation[@B16]. In contrast, we found that AKT only partially contributes to the re-phosphorylation of 4EBP1, since LY294002 the inhibitor of PI3K, upstream of AKT, exhibited the more potent role than MK2206 the AKT inhibitor in enhancing the repression of RAD001 on 4EBP1 phosphorylation. This observation suggested that there were other kinases acting as downstream of PI3K that mediated the re-phosphorylation of 4EBP1 induced by RAD001 in coordination with AKT. By taking advantage of phosphoproteomic analysis, we identified SGK3 as a potent kinase involved in the re-phosphorylation of 4EBP1 induced by RAD001.

SGK3, with similar substrate specificity to AKT, is transcriptionally regulated by estrogen signaling and required for AKT-independent viability in breast cancer cells harboring *PIK3CA* mutations[@B20]. However, the molecular mechanism by which SGK3 controls the development of breast cancer remains largely unknown. Our findings showed that SGK3 deletion profoundly suppressed the phosphorylation of 4EBP1. Additionally, the expression of phosphorylated NDRG1, the indicator of SGK3 activity, was positively associated with phosphorylated 4E-BP in human breast cancer tissues. These results indicated that SGK3 might exert its oncogenic role in breast cancer by activating mTORC1 signaling and enhancing cap-dependent transition. In line with this hypothesis, SGK3 has been shown to promote prostate cancer cell proliferation through activation of mTORC1 signaling[@B37]. Furthermore, we found that the feedback-activated SGK3 in coordination with AKT, was responsible for the limited inhibition of 4EBP1 phosphorylation by RAD001. These data demonstrated that combined inhibition of mTORC1, SGK3, and AKT might be a promising therapeutic strategy for breast cancer. In addition, the phosphorylation of SGK3, like AKT and 4EBP1, might serve as a potential biomarker for predicting rapamycin resistance in clinic. We further found that RAD001-induced SGK3 activation was hVps34- and mTORC2-dependent. The observation that mTORC2 activity was essential for RAD001-induced SGK3 activation may explain why the ATP-competitive mTOR kinase inhibitors, which have capacity to inhibit both mTORC1 and mTORC2, exhibit much greater repression on 4EBP1 phosphorylation than rapamycin or its analogs[@B38].

Besides mTORC1, 4EBP1 can be phosphorylated by several other kinases, including PIM2 and GSK-3β, which are responsible for rapamycin resistance in AML or RCC respectively[@B35], [@B36]. In contrast to these findings, we showed that the mTORC1 activity was required for the re-phosphorylation of 4EBP1, suggesting that the kinases involved in 4EBP1 phosphorylation after rapamycin exposure may be dependent on the tumor type. Furthermore, we showed that TSC2 high phosphorylation induced by feedback-activated SGK3 and AKT contributes to mTORC1 re-activation. In conclusion, our findings suggest that TSC2 functions downstream of SGK3 to activate mTORC1 in breast cancer cells.
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SGK3

:   Serum- and glucocorticoid-inducible kinase 3

AKT

:   Serine/threonine Kinase

mTORC1

:   Mammalian target of rapamycin complex 1

4EBP1

:   4E (eIF4E)-binding protein 1

eIF4E

:   Eukaryotic translation initiation factor 4E

eIF4F

:   Eukaryotic translation initiation factor

TSC2

:   Tubular sclerosis complex 2

KSEA

:   Kinase-Substrate Enrichment Analysis

NDRG1

:   N-Myc Downstream Regulated 1

PI3K

:   Phosphatidyl-inositol-3-kinase

p70S6K

:   70 kDa ribosomal protein S6 kinase

PTEN

:   Phosphatase and tensin homolog

RCC

:   Renal cell carcinoma

AML

:   Acute myeloid leukemia

hVps34

:   Human type III phosphatidylinositol 3-kinase

ER

:   Estrogen receptor

![**The dynamic effects of rapamycin treatment on the 4EBP1 phosphorylation and cap-dependent translation in breast cancer cells. A.** MCF7 and T47D cells were treated with DMSO or 2 nM RAD001 and collected at various time-points. Phosphorylation status of downstream mTORC1 effectors was analyzed using Western blot with indicated antibodies. **B.** MCF7 and T47D cells were treated with 2 nM RAD001 and collected at various time-points. Cell lysates were precipitated with m7GTP Sepharose beads followed by immunoblotting of eIF4G, eIF4E and 4EBP1. **C.** MCF7 and T47D cells were transfected with a bicistronic luciferase reporter plasmid that detects cap-dependent translation of the Renilla luciferase gene and cap-independent Polio IRES-mediated translation of the firefly luciferase gene. The transfected cells were treated with 2 nM RAD001 and collected at various time-points. Luciferase activities were measured by a dual-luciferase assay, and the Renilla/firefly luciferase luminescence ratio was calculated for cap-dependent translational activity. The results are expressed as the inhibition of cap-dependent translation relative to the DMSO-treated controls at each time and presented as means ± SEM (n = 3). **D.** MCF7 and T47D cells were treated with 2 nM RAD001 and 40 µM 4EGI-1, alone or in combination for 48 h, cell number was determined using the CCK-8 assay. Statistical significance was determined using paired Student t test; \*\* *P* \< 0.01, \*\*\**P* \< 0.001. Values represent means ± SEM (n = 3).](ijbsv15p0929g001){#F1}

![**AKT partially contributes to Rapamycin-mediated re-phosphorylation of 4EBP1**. **A.** MCF7 and T47D cells were treated with 2 nM RAD001, 2 µM LY294002 or 0.5 µM MK2206, alone or in combination for 24 h. Phosphorylation status of AKT and downstream mTORC1 effectors was analyzed using Western blot with indicated antibodies. **B.** MCF7 and T47D cells were treated with 2 nM RAD001, 2 µM LY294002 or 0.5 µM MK2206, alone or in combination for 24 h. Cell lysates were precipitated with m7GTP Sepharose beads followed by immunoblotting of eIF4G, eIF4E, and 4EBP1. **C.** MCF7 and T47D cells were treated with 2 nM RAD001, 2 µM LY294002 or 0.5 µM MK2206, alone or in combination for 24 h. The inhibition of cap-dependent translation was determined as in Figure [1](#F1){ref-type="fig"}C. Statistical significance was determined using paired Student t test; \* *P* \< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. Values represent means ± SEM (n = 3). **D.** MCF7 and T47D cells were treated with 2 nM RAD001, 2 µM LY294002 and 0.2 µM MK2206, alone or in combination for 48 h, cell number was determined using the CCK-8 assay. Statistical significance was determined using paired Student t test; \* *P* \< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. Values represent means ± SEM (n = 3).](ijbsv15p0929g002){#F2}

![**Involvement of SGK3 in rapamycin-mediated re-phosphorylation of 4EBP1. A.** Heat-map of rapamycin-mediated phosphorylation of protein kinase identified by the mass spectrometry-based phosphoproteomics analysis using MCF7 cells were treated with RAD001 or DMSO. **B.** MCF7 and T47D cells were treated with DMSO or 2 nM RAD001 and collected at various time-points. SGK3 was immunoprecipitated from lysates and analyzed by immunoblotting with the indicated antibodies. **C.** SGK3 was knocked out in MCF7 and T47D cells by using CRISPR/Cas9 and compared to the wild type cells. The cell lysates were subjected to immunoblot analysis with the indicated antibodies. **D.** Representative immunohistochemical staining of pNDRG1(T346) and p4EBP1(T37/46) in 67 human breast cancer samples. Case 1 and Case 2 refer to two representative samples categorized by low and high expression of pNDRG1(T346) and p4EBP1(T37/46). Scale bars, 50 μm. The correlation of pNDRG1(T346) with p4EBP1(T37/46) is shown. The *P* value was generated using the Spearman\'s rank correlation test.](ijbsv15p0929g003){#F3}

![**Feedback activation of SGK3 and AKT confer rapamycin resistance by re-phosphorylating 4EBP1**. A. SGK3-KO and WT cells were treated with 2 nM RAD001, 2 µM LY294002 and 0.5 µM MK2206, alone or in combination for 24 h. Phosphorylation status of AKT, TSC2 and 4EBP1 was analyzed using Western blot. **B.** SGK3-KO and WT cells were treated with 2 nM RAD001, 2 µM LY294002, and 0.5 µM MK2206, alone or in combination for 24 h. Cell lysates were precipitated with m7GTP Sepharose beads followed by immunoblotting of eIF4G, eIF4E, and 4EBP1. **C.** SGK3-KO and WT cells were treated with 2 nM RAD001, 2 µM LY294002, or 0.5 µM MK2206, alone or in combination for 24 h. The inhibition of cap-dependent translation was determined as in Figure [1](#F1){ref-type="fig"}C. Statistical significance was determined using paired Student t test; \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. Values represent means ± SEM (n = 3). **D.** SGK3-KO and WT cells were treated with 2 nM RAD001, 2 µM LY294002 and 0.5 µM MK2206, alone or in combination for 48 h. Cell number was determined using the CCK-8 assay. Statistical significance was determined using paired Student t test; \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. Values represent means ± SEM (n = 3). **E.** Volume of xenograft tumors derived from SGK3-KO and WT MCF7 cells treated with RAD001 (3 mg/kg) and MK2206 (100 mg/kg), alone or in combination. The tumor volume was measured once a week. Data are shown as mean ± s.d. (n = 6) (\**P ˂* 0.05, \*\**P ˂* 0.01 at 28 d). Tumor lysates were immunoblotted with the indicated antibodies. **F.** SGK3-KO and WT cells were treated with 2 nM RAD001, 10 µM LY294002, 0.5 µM MK2206 and (0.2 nM) 4EBP1 siRNA, alone or in combination for 48 h. Cell number was determined using the CCK-8 assay. Statistical significance was determined using paired Student t test; \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. Values represent means ± SEM (n = 3).](ijbsv15p0929g004){#F4}

![**RAD001-induced SGK3 phosphorylation is regulated by hVps34 and mTORC2. A.** MCF7 cells were treated with 2 nM RAD001 and 1 µM VPS34-IN1, alone or in combination for 24 h. SGK3 was immunoprecipitated from lysates and analyzed by immunoblot with the indicated antibodies. **B.** MCF7 cells were treated with 2 nM RAD001, 0.5 µM MK2206, and 1 µM VPS34-IN1, alone or in combination for 24 h. Phosphorylation status of AKT and 4EBP1 were analyzed using Western blot. **C.** MCF7 cells were treated with 2 nM RAD001, 0.5 µM MK2206 and 1 µM VPS34-IN1, alone or in combination for 24 h. The inhibition of cap-dependent translation was determined as in Figure [1](#F1){ref-type="fig"}C. Statistical significance was determined using paired Student t test; \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. Values represent means ± SEM (n = 3). **D.** MCF7 cells were transfected with 0.2 nM Rictor siRNA or negative control for 24 h, then treated with DMSO or 2 nM RAD001 for 24 h. SGK3 was immunoprecipitated from lysates were analyzed by immunoblot with the indicated antibodies. **E.** MCF7 cells were transfected with 0.2 nM Rictor siRNA or negative control for 24 hr, then treated with DMSO or 2 nM RAD001 for 24 h. Phosphorylation status of 4EBP1 was analyzed using Western blot. **F.** MCF7 cells were transfected with 0.2 nM Rictor siRNA or negative control for 24 h, then treated with DMSO or 2 nM RAD001 for 24 h. The inhibition of cap-dependent translation was determined as in Figure [1](#F1){ref-type="fig"}C. Statistical significance was determined using paired Student t test; \* *P* \< 0.05, \*\*\* *P* \< 0.001. Values represent means ± SEM (n = 3).](ijbsv15p0929g005){#F5}

![**Feedback-activated SGK3 and AKT counteracts RAD001 treatment by phosphorylating TSC2 and reactivating mTORC1. A.** MCF7 cells were transfected with 0.2 nM Raptor siRNA or negative control for 24 h, then treated with DMSO or 2 nM RAD001 for 24 h. Phosphorylation status of 4EBP1 was analyzed using western blot. **B.** MCF7 cells were transfected with 0.2 nM Raptor siRNA or negative control for 24 h, then treated with DMSO or 2 nM RAD001 for 24 h. The inhibition of cap-dependent translation was determined as in Figure [1](#F1){ref-type="fig"}C. Statistical significance was determined using paired Student t test; \*\*\* *P* \< 0.001, \*\*\*\* *P* \< 0.0001. Values represent means ± SEM (n = 3). **C.** SGK3-KO and WT MCF7 cells were treated with 2 nM RAD001 and 0.5 µM MK2206, alone or in combination for 24 h. Phosphorylation status of AKT and TSC2 was analyzed using Western blot. **D.** SGK3-KO and WT MCF7 cells were treated with 2 nM RAD001, 0.5 µM MK2206 and (0.2 nM) TSC2 siRNA, alone or in combination for 24 h. Phosphorylation status of 4EBP1was analyzed using Western blot. **E.** SGK3-KO and WT MCF7 cells were transfected with 0.2 nM TSC2 siRNA or negative control for 24 h, then treated with 2 nM RAD001, and 0.5 µM MK2206, alone or in combination for 24 h. The inhibition of cap-dependent translation was determined as in Figure [1](#F1){ref-type="fig"}C. Statistical significance was determined using paired Student t test; \*\*\*\* *P* \< 0.0001. Values represent means ± SEM (n = 3). **F.** SGK3-KO and WT MCF7 cells were transfected with 0.2 nM TSC2 siRNA or negative control for 24 h, then treated with 2 nM RAD001 and 0.2 µM MK2206, alone or in combination for 24 h. Cell number was determined using the CCK-8 assay. Statistical significance was determined using paired Student t test; \*\*\*\* *P* \< 0.0001. Values represent means ± SEM (n = 3).](ijbsv15p0929g006){#F6}

![**Schematic representation of feedback activation of SGK3 and AKT contributes to rapamycin resistance by reactivating mTORC1/4EBP1 axis via TSC2.** RAD001 treatment activated PI3K, which in combination with mTORC2 feedback activated AKT and SGK3. The feedback activation of SGK3 and AKT phosphorylates TSC2 and releases its inhibitory role on Rheb GTPase, leading to mTORC1 reactivation. The reactivated mTORC1 re-phosphorylates 4EBP1 and limits the repression of RAD001 on cap-dependent translation and tumor growth.](ijbsv15p0929g007){#F7}
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